The effect of UV irradiation of bacteriophage T7 on in vivo early RNA synthesis has been studied by direct quantitation of the gene-specific RNA transcripts. The results show that the early region of phage T7 is transcribed from left to right as a single unit. Furthermore, gene inactivation, the UV sensitivity of synthesis of gene-specific RNA, and the UV sensitivity of synthesis of the corresponding proteins all follow pseudo first-order kinetics in multiply infected cells, demonstrating a random statistical correlation between both transcriptional sampling of gene copies and translational sampling of the resultant RNA transcripts. In addition, these simple kinetics imply an absence of positive feedback mechanisms compensating for the differential decline of individual early gene products in cells multiply infected with phage T7.
Recently we presented a radiological method for locating the promotor sites for the in vivo transcription of bacteriophage T7 DNA by Escherichia coli RNA polymerase (2) . This method would appear to be of general validity, requiring only that the RNA polymerase be released at the site of UV lesions and that UV irradiation not create artificial promotor sites. These requirements are fulfilled in in vitro transcriptions (17) and in the four in vivo systems which we have recently studied: T7 (2), T4 (6) , E. coli (see also ref. 13) , and mammalian cells (P. Hackett and W. Sauerbier, manuscript in preparation). Application of the method requires a known genetic map and a quantitative assay of a transcription product of each gene. This assay could in principle be either a measure of the transcribed RNA itself or protein translated from this RNA. Quantitation of either can be achieved after resolution by polyacrylamide gel electrophoresis.
In the first paper of this series (2), we applied this method to analysis of in vivo transcription of the early and late regions of phage T7 by E. coli RNA polymerase. Analysis of the relative rates of gene-specific protein synthesis versus UV dose to the phage was utilized to determine the distance of a particular gene from its promotor. We showed that in vivo the early region of T7 is transcribed from a single promotor located at the left end of the genome (2) . We assumed proportionality between the rate of gene-specific protein synthesis and the total number of copies of any given gene available for transcription in the infected culture. It was argued that the results verified all assumptions which were implicit in the assay methods. Because we used bacteria which were multiply infected by T7, the assumption of proportionality of number of active gene copies and rate of gene-specific protein synthesis was nontrivial.
Identification by gene number and map position of the mature, early T7 mRNAs by Summers et al. (22) allowed us to reinvestigate the mode of in vivo transcription of the early region of T7 by assaying for the transcription products themselves. The mature T7 mRNA's are produced by cleavage of the 2.2 x 106 molecular weight transcript by RNase III (4, 5) . We reconfirm that there is only one promotor utilized in the in vivo transcription of the T7 early genes and that, even in a culture of multiply infected cells, there is strict proportionality between the number of DNA copies of a particular gene lost by UV irradiation, the reduction in the amount of RNA synthesized from these DNA copies in a given time, and the amount of protein synthesized from this RNA within the same time period. MATERIALS Bacteriophage lysates were prepared in M9 medium (1), using E. coli 011' (su+) as the host. Phage were concentrated by centrifugation and resuspended in M9 buffer.
Conditions of infection and labeling. E. coli B,sX was grown at 37 C to a density of approximately 5 x 108 cells per ml in M9 medium, whereupon 15 ml was irradiated with UV light (254 nm) at an incident dose of 5,800 erg/mm2, after which the cells were incubated for an additional 5-min period at 37 C. UV irradiation and all subsequent operations were carried out in dim yellow light to avoid photoreactivation. To 2-ml samples was added 2 x 1010 T7 am342 phage which had been UV-irradiated at various doses. After a 1-min adsorption period, 5,6-[3H]uridine (Schwarz/ Mann; specific activity, 42 Ci/mmol was added to each sample of phage-infected cells to a final concentration of 20 uCi/ml. After a 5-min labeling period, infected complexes were chilled, pelleted, washed once with cold M9 buffer, and resuspended in 0.4 ml of 3 mM EDTA containing 1% sodium dodecyl sulfate and 10% sucrose. Infected complexes were then lysed by heating to 85 C for 2 min.
UV irradiation of bacteriophage. A T7 am342 phage stock was diluted to a concentration of 101" phage/ml in M9 buffer, and a 4-ml volume was UV-irradiated with incident doses of 0, 40, 80, 160, and 320 erg/mm2.
Gel electrophoresis of RNA. The lysed 3H-labeled samples from infected complexes were loaded directly onto 2.6% polyacrylamide disc gels (final concentrations were 2.6% acrylamide and 0.12% N,N'-methylene-bis-acrylamide prior to polymerization) containing no agarose. The procedure is that of Loening (11) , except that plastic gel tubes, 8 mm in diameter and 60 mm long, were substituted for the smaller glass ones. Samples of 50 Mliters were loaded onto each gel and electrophoresed for 7 h at 70 V (10 to 11 mA/gel). Gels were sliced (1 mm) and digested at 50 C in 0.5 ml of 30% H202 containing 1% concentrated NH4OH. Thereafter, 10 ml of Kinard's scintillator (9) were added, and the slices were counted by liquid scintillation spectroscopy. RNA bands were identified from molecular weights given by Simon and Studier (19) , by using mouse L cell 28S and 18S ribosomal RNA and E. coli 23S and 16S ribosomal RNA as internal markers. The electrophoretic mobility as measured on our gels, when plotted versus logarithm of molecular weight, yields a single straight line for the four T7 early RNA species and the four markers. Relative amounts of RNA were calculated from gel peaks by summing the 3H counts per minute contained in the peak (after appropriate background correction).
RESULTS
Effect of UV irradiation of T7 on early region RNA synthesis in vivo. In order to test in vivo for the sensitivity of gene-specific RNA production as a function of distance between the gene and its promotor, we performed experiments of the following type. Samples of E. coli B0.1, in which bacterial RNA synthesis was greatly reduced by UV irradiation prior to infection, were infected with T7 am342 which had been UV-irradiated at a series of increasing doses. RNA was pulse-labeled with [3H ]uridine, and then isolated and electrophoresed on 2.6% polyacrylamide gels. Typical gel electrophoresis patterns of RNA for several UV doses are shown in Fig. 1 . In looking at these patterns, it is obvious that overall RNA synthesis decreases with increasing UV irradiation of the phage; however, it is also clear that the rate of decline of RNA synthesis with dose is vastly different from one RNA species to another. RNA transcribed from gene 1.3, for example, falls rapidly with increasing UV dose, this peak having completely disappeared by 320 erg/mm2, whereas that from gene 0.7 shows much less sensitivity, in spite of the similar size of these two RNA species. VOL. 13, 1974 BRAUTIGAM A D SAUERBIER When the amount of each RNA species as a function of UV dose was quantitated from such gels, the pattern, as shown in Fig. 2 , of differential reduction of early region RNA synthesis was obtained (Fig. 2) . The curves are seen to follow simple exponential kinetics (see Discussion). If each gene were transcribed as a separate transcription unit, target theory would predict UV sensitivities for each species proportional to gene size. This would imply that RNA production from gene 1.0 should be approximately three times more sensitive than that from gene 1.3; however, in actuality, it is gene 13 transcription which is more sensitive (Fig. 2) .
Transcription map of the early region of T7 as assayed by direct quantitation of RNA. The exponential slope of the UV-inactivation curve, K, may be evaluated from Fig. 2 for each RNA species and these K values plotted versus the physical map. The result (Fig. 3 ) is seen to again yield a straight line of slope similar to that found previously (2) when UV sensitivities were determined by measuring gene-specific protein synthesis. This implies the existence of a single large transcription unit for the early region of T7, with the possible exception that gene 0.3 could be transcribed separately (see ref.
2). DISCUSSION Shapes of dose-effect curves. When UVirradiated DNA is transcribed by an RNA polymerase, the probability of transcription of a gene which terminates at length x' from the promotor is given by e -Kd, where K is the exponential slope of the WTV-inactivation curve and is proportional to x', and d is the UV dose. Due to the accumulation of shorter-length RNA fragments with increasing dose (see Appendix), this simple exponential dependence is not experimentally observable; the curves expected are shown in Fig. 6 . The only RNA band which would be appreciably affected by this accumulation of RNA fragments is that corresponding to gene 1.3. The experimental data shown in Fig. 2 confirm these predictions. Curves are simple exponentials, except that the points corresponding to the rate of synthesis of gene 1.3 mRNA describe a gradually upward curving line.
Cleavage by RNase III of partial length transcripts. The f'ull-length transcript of the T7 early region is cleaved by RNase III to yield the mature early mRNAs (4, 5) . It is assumed in the consideration given in the Appendix that RNA molecules need not be full-length transcripts of the entire early region in order to be cleaved by RNase III. This assumption is certainly correct, because the UV sensitivity of production of all T7 early RNA species shown in Fig. 2 would have to be the same, and the curves would all have the exponential slope found for gene 1.3, if only full-length transcripts could be cleaved. There also is no indication in our experiments (Fig. 2) that the rate of cleavage is reduced. Such an effect would have led to "shouldered" dose-effect curves.
Comparative evaluation of gene survival using protein assays (2) A linear relationship is seen to occur and nonspecific depression of RNA synthesis by UV light appears to be minor. Comparison of Fig. 3 with the analogous graph obtained by analysis of the differential effect of UV irradiation of T7 on protein synthesis (Fig. 2 of ref. 2) reveals that the two are quite similar. The slope of this line corresponds to one chain-terminating hit per 1,000 base pairs per 630 erg/mm2 for the RNA assay, whereas the value found for the protein assay is 1/1,000/560. Thus, there is good agreement between the two assay methods, the difference being within experimental error. The conclusion drawn from Fig. 3 is that the early region of T7 is transcribed in vivo as a single large unit, at least under the experimental conditions used here.
Proportionality of number of gene copies, amount of mRNA, and amount of gene product. Our assay for the reduction of synthesis of gene-specific RNA, or gene-specific proteins in a large population of multiply infected cells, reveals pseudo first-order loss of gene expression as a function of UV dose to the extracellular phage. We must, therefore, conclude that whenever transcription of a gene is blocked on any of the multiple DNA copies per cell, the result is a reduction in synthesis of the corre- sponding RNA and protein. Thus, templates for either transcription or translation are utilized at random within the cell, and measurements of either process represent the differential loss of functional genes on the DNA template. There is no compensatory mechanism either on the transcriptional or the translational level to restore normal expression of those genes, the transcription of which had been blocked on a fraction of the co-infecting genomes.
The above considerations are applicable to all early T7 genes. They are also applicable to most T4 genes (6), except for those which are selfregulatory (16) or regulated by other T4 products. Transcription mapping of self-regulatory genes is facilitated by single infection. Of most importance for application to systems where proteins have been mapped but RNA transcripts have not, is the agreement found between protein and RNA assays.
Comparison with previous data on early region transcription. Our finding of a single early transcription unit agrees with results of others. Milette et al. (14) found that a 2.2 x 106 molecular weight RNA was transcribed from T7 DNA in vitro by using highly purified E. coli RNA polymerase. Analysis by electron microscopy of the in vitro transcription complex by Davis and Hyman (3) revealed a specific initiation site for E. coli polymerase near the left end of the DNA, and a similar conclusion is inferred from the observations of Schweiger et al. on the sequential synthesis of early T7 proteins in vitro (18) . Marrs and Yanofsky (12) argued from the time course of early transcription that a single unit of about 6,000 base pairs must be present.
Our result is also in complete agreement with the recent findings of Dunn and Studier (5), who have shown that RNase III cleaves the in vitro early region transcript of T7 DNA at five specific sites to yield RNA species which are essentially the same as those observed in vivo. In addition (4), they studied T7 transcription in vivo by an RNase III-deficient strain of E. coli (8) . In this strain, 2.2 x 106 molecular weight RNA was produced and cleaved at the same five sites by RNase III in vitro.
Our results appear to conflict, however, with those of Minkley and Pribnow (15) , who studied T7 transcription stimulated by dinucleotides or individual purine triphosphates in the presence of a 17:1 ratio of E. coli polymerase to DNA. In these reactions, the stimulating nucleotide was present at an excess of 10-to 200-fold over other ribonucleoside triphosphates, which were kept low (5 mM) to inhibit spontaneous initiation. They found that initiations occurred not only at the three sites contained in the early promotor, but also near the beginning of genes 0.7, 1.0, and 1.3, and even at one site outside the early region. Multiple binding sites for E. coli polymerase on T7 DNA have been reported (7, 10, 20) , and their presence seems to depend upon the conditions used. The experimental conditions selected by Minkley and Pribnow (15) (17) . Such UV photoproducts can be formed at a large but finite number of discrete photosensitive sites (e.g., base pairs or intrastrand pyrimidine neighbors), and their distribution is assumed to be random. For irradiation of a large number of DNA molecules containing an identical transcription unit of length L, the probability of transcription of a gene whose promotor distal terminus is at length x' from the promotor is given by the term 0th, of the Poisson distribution. This may be written e-6x L where A is the UV dose in RNA chain-terminating hits per transcription unit of length L (or equivalently, the mean of the Poisson distribution). This is the probability of the event that no RNA chain-terminating hit has occurred within the DNA segment beginning at the promotor and terminating at length x'. Thus, the number of transcripts of a specific gene decreases exponentially with UV dose. This implies that the exponential slopes, K, of UV-inactivation curves for a set of genes, transcribed by an RNA polymerase starting from the same promotor, will yield a straight line when plotted versus the physical map of the genome which will intercept at K = 0 at the origin of transcription (i.e., promotor or initiation site). The slope of these lines for different transcription units will be the same, provided that the composition of the DNA is invariant and that the units are all transcribed by the same polymerase or by polymerases which respond to UV lesions in an identical manner.
Furthermore, we have to consider the possibility that the presence of UV-irradiated phage DNA might lead to a dose-dependent lowering of the rate of overall RNA synthesis, apart from the premature termination of transcription considered above. We represent this effect by the term e-Cu, where C is a constant. The experimentally measured relative frequency of transcripts of a gene terminating at length x' from its promotor would be lower by this factor at any UV dose M and would become e-Ix'IL e-Cu = e-(X'/L} + C
The result of this is that the plot of exponential slope versus physical map will still be linear and will be of the same slope; however, the intercept of this line at the origin of transcription will be at C and not at K = 0. Frequency distribution of truncated RNA molecules as a function of length. We define the distribution function f,(x) as the relative frequency of RNA transcripts which are of length x. The template DNA from which such a molecule was transcribed, therefore, had a UV photoproduct at site x + 1, but none in the region from the promotor up to this site. This distribution function is readily derived from the frequency of transcripts which are of length x' (i.e., the probability of transcription through all RNA molecules of length x' or longer complete RNA message up to x', the frac RNA molecules plus the fraction of con transcripts (from unhit genomes) give frequency of transcripts that contain the to x'. When x' is at the promotor distal er the frequency of transcripts through x' probability of transcription of this part The frequency of transcripts of length x' but not including those of full length L, i EZ X fM(x) = e ux LeBecause the number of photosensitive sil assumed to be reasonably large, i.e., at ] hundred, this sum may be replaced by yielding f r fj(x) dx = e-x'/L -e- The consequence of the above is that tion of DNA at doses of M = 1 or larger c transcription, a broad peak of premi x). Because minated RNA molecules to appear on the gel at contain the position ln(L/I). For g larger than 1.25, the fraction tion of such of RNA represented by this peak becomes larger than nplete RNA that contained in the peak of full-length RNA moles the total cules at position ln(L) on the gel. (The fraction of message up RNA molecules corresponding to unhit genomes is not nd of a gene, plotted in Fig. 4 (Fig. 4) by RNase III. The abscissa represent l, the RNA fragment length in bases; the ordinate is characteristic of the absolute amount of RNA and is the same as in Fig. 4 at each position by theory at that UV dose. This will be extraneous RNA which will raise each point of the (formerly) exponential UV-inactivation curves slightly. This effect will be greater for points corresponding to higher doses and for transcription of those genes most promotor distal. The predicted effect is shown in Fig. 6 , where the solid line for each RNA species is the simple exponential curve expected from the theory and the broken line is the alteration induced by the presence of RNA fragments. The inclusion of the effect of diffusion of the fragments in the gel would be complex and would not alter this figure significantly.
